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~!~ 1. Number of threatened species by major group of organisms (1996-2004). 
Mamrnats 5,41 6 4,853 1 ,096 1 , 1 30 1 , 1 37 1 , 1 30 1 , I O1 20olo 
Birds 9,91 7 9,91 7 1 , I 07 1 , 1 83 1 , 1 92 1 , 1 94 1 ,21 3 1 2Qlo 
Reptiles 8, 1 63 253 296 293 293 304 401Q 499 
Am phibianst 5,743 5,743 1 24 1 46 1 57 1 57 1 ,770 31 olo 
Fishes 28, 500 1 , 72 1 734 752 742 750 800 3olo 
NOTES: 
l ) * It should be noted that for certain species endemic to Brazil, there was not time to reach agreement on the 
Red List Categories between the Global Amphibian Assessment (GAA) Coordinating Team, and the experts on 
the species in Brazil. The 2004 figures for Amphibians displayed here are those that were agreed at the GAA 
Brazil workshop in April 2003 . However, in the subsequent consistency check conducted by the GAA 
Coordinating Team, many of the assessments were found to be inconsistent with the approach adopted elsewhere 
in the worldj and a "consistent Red List Category" was also assigned to these species. There was not time to agree 
these "consistent Red List Categories" with the Brazilian experts before the release of the 2004 IUCN Red List, 
therefore the original workshop assessments are retained here. However, in order to retain comparability between 
results for amphibians with those for other taxonomic groups, the data used in the Global Species Assessment 
(Baillie et a/. 2004) are based on the "consistent Red List Categories". Therefore, figures im table I above will not 






2) * * Apart from the mammals, birds, amphibians and gymnosperms (i.e., those groups completely or almost 
completely evaluated), the figures in the last column are gross over-estimates ofthe percentage threatened due to 
biases in the assessment process towards assessing species that are thought to be threatened, species for which 
data are readily available, and under-reporting of Least Concern species. The true value for the percentage 
threatened lies somewhere in the range indicated by the two right-hand columns. In most cascs this represents a 
very broad range. For example, the true percentage of threatened insects lies somewhere between 0.060/0 and 
730/.. Hence, although 4 1 o/o of all species on the IUCN Red List are listed as threatened, this figure needs to be 
treated with extreme caution given the biases described above. 
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(Generation of Viable Fish from Cryopreserved Primordial Germ Cells) 
19 
ABSTRACT 
An increasing number of wild fish species are in danger of extinction, often as a result of 
human activities. The cryopreservation of gametes and embryos has great potential for 
maintaining and restoring threatened species. The conservation of both paternal and 
maternal genetic information is essential. However, although this technique has been 
successfully applied to the spenuatozoa of many fish species, reliable methods are lacking 
for the long-term preservation of fish eggs and embryos. Here we describe a protocol for 
use with rainbow trout (Oncorhynchus mykiss) primordial germ cells (PGCs) and 
document the restoration of live fish from gametes derived from these cryopreserved 
progenitors. Genital ridges (GRS), which are embryonic tissues containing PGCs, were 
successfully cryopreserved in a medium containing I .8 M ethylene glycol. The thawed 
PGCS that were transplanted into the peritoneal cavities of allogenic trout hatchlings 
differentiated into mature spermatozoa and eggs in the recipient gonads. Furtherrnore, the 
fertilization of eggs derived from cryopreserved PGCS by cryopreserved spermatozoa 
resulted in the development of fertile F1 fish. This PGC cryopreservation technique 
represents a promising tool in efforts to save threatened fish species. Moreover, this 
approach has significant potential for maintaining domesticated fish strains carrying 
commercially valuable traits for aquaculture purposes. 
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INTRODUCTION 
The consumption of salmonid fish has potential beneficial effects on human health due 
to their high content of omega-3 fatty acids, such as eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) [1]. This has led to intensive farnring worldwide. These 
species are also attractive to anglers. However, fears are growing that many wild salmonid 
populations are now facing extinction. Escaped or released fanned fish and exotic species 
have devastated the population of native species by hybridizing with them, sometimes 
driving them to the brink of local genetic extinction [2-4]. Habitat destruction caused by 
dam construction and land-management programmes are also threatening rare salmonids, 
such as the bull trout (Salvelinus confluentus) [51, California golden trout (Oncorhynchus 
aguabonita vvhitei) [6], and Formosan landlocked salmon (Oncorhynchus masou 
formosanus) [7]. 
To maintain the genetic diversity of salmonids, it will be essential to preserve their 
hentable mformation. The production of live rainbow trout by androgenesis has been 
reported previously [8, 9]. However, the survival rate of androgenie diploids was low and 
maternally inherited cyioplasmic compartments, such as mitochondrial DNA, could not be 
restored using this approach. Despite the urgent need to preserve maternal genetic material, 
fish eggs have not yet been successfully cryopreserved, mainly due to their large size and 
high yolk content [ I O] . 
Our recently developed novel surrogate broodstock technology [1l] allows 
intraperitoneally introduced PGCS to resume gametogenesis and differentiate into 
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functional spermatozoa in allogenic male recipients. Transplanted PGCS can also 
differentiate into functional eggs in female recipients. In addition, we successfully 
xenotransplanted PGCS between rainbow trout and masu salmon (Oncorhynchus masou) 
[12]. These results suggest that maternally inherited genetic information could be 
conserved by cryopreserving PGCs. This approach might even enable currently endangered 
species to be rescued from future extinction using closely related species as surrogate 
parents. We therefore established a cryopreservation method for rainbow trout embryonic 
germline progenitors and investigated whether the thawed PGCS could develop into viable 
fry. 
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MATERIALS AND METHODS 
Fish 
Rainbow trout (Oncorhynchus mykiss) which maintained at the Field Science Center, 
Oizumi Station, Tokyo University of Marine Science and Technology (Yamanashi, Japan) 
was used in this study. pvasa-Gfp transgenic rainbow trout strain [ 1 3 , 1 4] was used for 
survival assessment of cryopreserved PGCS and preparation of donor cells. F2 transgenic 
embryos were generated by crossing F I heterozygous (pvasa-Gfp/-) males with 
non-transgenic females. On the hatching of the F2 generation, transgenic fish expressing 
GFP in their PGCS were identified by screening the embryos under a fluorescent dissecting 
microscope (SZX 12; Olympus, Tokyo, Japan). Non-transgenic rainbow trout (-/-) which 
was allogenic relationship with donor was used for recipients. The embryos were reared at 
10'C. All procedures described herein were conducted in accordance with the International 
Guiding Principles for Biomedieal Research Involving Animals as promulgated by the 
Society for the Study of Reproduction. 
Embryo Manipulation and GR Collection 
pvasa-Gfp transgenic 30-day post-fertilization (dpD embryos were dechorionized using 
forceps and anesthetized with 0.050/0 2-phenoxyethanol in trout ringer solution [15]. The 
GRS were manually excised using fine watchmaker's forceps under a dissecting 
microscope, as described by Kobayashi and colleagues L16]. The excised GRS were stored 
on iee in phosphate-buffered saline (PBS) with 50/0 fetal bovine serum (FBS) and I mM 
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CaC12 until use. 
Freezing and Thawing of GRS 
As GRS are similar in size to mammalian embryos, bovine embryo-freezing medium was 
used with slight modifications [17, 1 8]. In brief, PBS based medium containing 0.50/0 
bovine serum albumin (BSA), 5.5 mM D-glucose, and I .5 M cryoprotectant: dimethyl 
sulfoxide (DMSO), glycerol (Gly), propylene glycol (PG), or ethylene glycol (EG). 
Chemicals and regents were all purchased from Wako Pure Chemical Industry, Osaka, 
Japan. The media were cooled on ice prior to use. The collected GRS were suspended in 
300 u1 of freezing medium, transferred to cryotubes (Greiner, Frickenhausen, Germany) 
and equilibrated for 1 5 min on ice. The tubes were then slowly frozen using a Bicell plastic 
freezing container (Nihon Freezer Co., Ltd., Tokyo, Japan) at -1'C/min for 90 min in a 
deep freezer (-80'C) and plunged into liquid nitrogen. After at least 12-h cryopreservation, 
the tubes were thawed in a water bath for 20 sec at 25'C and rehydrated with PBS. 
Freezing and Thawing of spermatozoa 
Spennatozoa collected from non-transgenic males were diluted I :3 in the cryomedium 
containing 200/0 methanol and 400mM sucrose. The spermatozoa were then loaded into 
0.25ml French straw (Fujihira Industry CO., LTD., Tokyo, Japan) and frozen on dry ice. 
After 5 minutes, the straws were plunged into liquid nitrogen. Straws were thawed by 
gently agitating in 10'C water bath for 10 seconds. After thawing, spermatozoa were 
immediately used for fertilization. 
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Assessment of PCG Survival 
Prior to cryopreservation, five paired GR samples were pooled in one well of a 96-well 
plate and the initial number of GFP-1abelled PGCS Was counted under an inverted 
microscope (IX 70, Olympus) equipped with a GFP filter set. The GRS Were then 
transferred to a cryotube and frozen using the method described above. After thawing, the 
GRS Were dissociated with trypsin [16] and transferred to a 96-well plate, followed by the 
addition of trypan blue dye. The number of GFP-positive cells that were negative for 
trypan blue was counted. The survival rates were calculated according to following 
formula: survival rate = number of GFP (+) and trypan blue (-) cells/initial number of GFP 
(+) cells. As a control, the survival of trypsin-dissociated GRS without freezing was also 
calculated in the same procedure. A11 experiments were repeated at least three times and 
the results are expressed as the mean ~ standard error ofthe mean (SEM). 
Cell-Transplantation Procedure and Donor PGCAnalysis 
A donor cell suspension was prepared from 30-50 pairs of cryopreserved or freshly 
isolated (non-cryopreserved control) GRS of the pvasa-Gfp transgenic strain. Newly 
hatched (32-34 dpD non-transgenic hatchlings were used as recipients. Cell transplantation 
and the observation of donor PGCS in the recipients were perfonned as described by 
Takeuchi and colleagues [1l] with several modifications. Briefly, 1 5-20 PGCS Were 
injected into eaeh recipient fish. In the colonization analysis, donor cells were prepared 
from O-day (control), 1-day, and I O-month-cryopreserved GRs. Transplantation･ was 
performed 3 or 4 times on different days and at least 30 recipients were used in each 
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transplantation experiment. A11 the recipients were sampled at 30-day post-transplantation 
(dpTP) and the colonization of donor PGCS in their gonads was evaluated. Data were 
analyzed by one-way analysis of variance (ANOVA) followed by the Duncan 
multiple-range test and are represented as the mean ~ SEM. 
Progeny Test 
To analyze the germline transmission of the donor-derived phenotype. O 
(non-cryopreserved control), I , and 5-day-cryopreserved PGCS were used for 
transplantation. The recipients were allowed to mature for 2-3 years. Milt was then 
collected from male recipients. DNA was extracted from I u1 of each milt sample and 
subjected to PCR analysis with Gfp-specific primers [1l]. To examine whether the 
Gfp-positive milts contained functional spenuatozoa derived from donor PGCs, they were 
used to fertilize I ,500~,OOO eggs from non-transgenic females. To confirm whether 
cryopreserved PGCS differentiated into funetional eggs in the female recipients, the eggs 
stripped from each mature female recipient were fertilized with cryopreserved spermatozoa 
obtained from non-transgenic males. Two straws were used to inseminate I OO0-3000 eggs 
obtained from female recipients. F1 embryos were raised until the hatching stage and 
then screened for the donor-derived phenotype (that is, green fluorescence in the PGCs). 
The donor PGCS were heterozygous for the Gfp gene and half of the F1 fish showed the 
non-transgenic phenotype. The actual gennline transmission rate was therefore doubled. 
26 
Observation ofsperm motility and F2 development 
One microliter of spermatozoa extracted from F1 that produced from the eggs derived from 
cryopreserved PGCS was diluted in I OO u1 of I . Io/o NaHC03 solution and the duration of 
sperm motility was measured. As a control, the duration of sperm motility ot~ spermatozoa 
obtamed from nonnal males was measured in the same procedure. To examine 
developmental potency of F2 embryos, the fertilization, eyed, hatching, swimming up rates 
were examined at 15-hour, 24-day, 35-day, and 65-day post-fertilization, respectively. 
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RESULTS 
Optimization of Freezing Condition for Trout GRS 
As the number of PGCS was limited (<100 per embryo) L1 9], we attempted to preserve 
the GR tissues in order to avoid losses of PGCS during freezing and thawing. 
We initially examined the activity of four types of cryoprotectant: DMSO. Gly, PG, 
and EG. GRS excised from 30-day post-fertilization (dpD embryos were cryopreserved in 
medium containing I . 5 M cryoprotectant. After freezing for 1 2 h, the GRS were rapidly 
thawed and enzyrnatically dissociated. PGC survival, assessed by trypan blue 
dye-exclusion, was significantly higher using medium containing EG compared with the 
other cryoprotectants (Fig. IA). An EG concentration of I .8 M resulted in the highest 
survival of the thawed PGCS (51.3 ~ 7.250/0; Fig. IB). GFP-positive GR cells, which 
stained negative for trypan blue dye, showed active movement with extended pseudopodia 
over time. This is a typical characteristic of PGCs (Fig. I C-G). 
Transplantation of Cryopreserved PGCS to the Allogenic Recipients 
To examine whether the cryopreserved PGCS could colonize the recipient gonads, they 
were transplanted into the peritoneal cavities of non-transgenic hatchlings. All recipient 
fish were sampled at 30-day post-transplantation (dpTP) and their gonads were observed 
under a fluorescent microscope. At this time point, the survival rates of the recipient fish 
that received cryopreserved PGCS were similar to that of control group that received 
non-cryopreserved PGCS (Table 1). The frequencies of colonization obtained by 
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transplantation of cryopreserved PGCS were not significantly different from that of control 
group, indicating that our freezing method was suitable for the long-tenn preservation of 
trout PGCs. Recipients showed I or 2 GFP-positive cells in their gonads at 1 5 dpTP (data 
not shown). This number increased to a maximum of 35 in 1-day-cryopreserved group (Fig. 
2A and B) and 56 in I O-month-cryopreserved group (Fig. 2C and D) at 30 dpTP. As 1 5-20 
donor PGCS were originally transplanted, these cells had proliferated in the recipient 
gonads . 
Germline Transmission ofDonor PGCS 
To detennine whether functional spenuatozoa and eggs could be produced from 
cryopreserved PGCs, mature recipients were subjected to progeny tests (Table 2). 
Donor-derived spennatozoa were detected in the milt of male recipients using the 
polymerase chain reaction (PCR) with Gfp-specific primers. Of the 64 mature male 
recipients that received 1-day-cryopreserved PGCs, eleven produced Gfp-positive milts 
(Table 2 and Fig. 3A). These milts were used to inseminate eggs from non-transgenic 
females. After hatching, the F1 progeny were observed under fluorescent microscopy to 
identify any individuals showing the donor-derived phenotype (that is, GFP-positive 
PGCs). Spermatozoa derived from frve (7.80/0) ofthe male recipients produced F1 progeny 
with the donor-derived phenotype. Similar results were obtained with recipients that 
received 5-day-cryopreserved PGCS (Table 2). The gerniline transmission frequency of the 
donor-derived F1 was 0.1-13.50/0. This low value could be due to the relatively small 
contribution of the donor PGCS to the recipient germlines. There was correlation between 
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the band intensity in the PCR analysis and gennline transmission frequencies. Indeed, the 
milts showing faint band (Fig. 3, sample number I O, 1 6, and 1 9) failed to produce 
donor-derived F I progeny. 
Owing to the limited number of eggs, and technical difficulties in extracting genomic 
DNA caused by the large volume of yolk, a progeny test for female recipients was 
performed without PCR analysis. Of the 44 recipients injected with 1-day-cryopreserved 
PGCs, four (9.10/0) produced donor-derived F1 progeny (Fig. 3B, Table 2). A female 
recipient that was transplanted with 5-day-cryopreserved PGCS also produced F1 showing 
donor-derived phenotype. The viable fry produced frorn eggs derived from the 
cryopreserved PGCS have shown numal growih (Fig. 3C). 
Fertility of F1 produced from cryopreserved PGCS 
Five F1 males that produced from eggs derived from I -day-cryopreserved PGCS 
matured at I O months old. To determine whether the F I produce functional spermatozoa, 
inotility ofthe spenuatozoa and early survival of F2 were examined. The sperm motility of 
the five fish was >900/0 (data not shown) and the duration of sperrn motility was 
approximately 30 seconds, which did not significantly differ from that of normal trout 
sperm (Table 3). Further, the F2 generations derived from the five F1 showed normal 
development. These results indicate that the F1 fish produced frorn eggs derived from 
cryopreserved PGCS were fertile and that their genetic information preserved in liquid 
nitrogen could be amplified through ordinary crossing. 
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DISCUSSION 
This study established a cryopreservation method for trout PGCs. These cells could 
subsequently be converted into functional eggs in female recipients and produce viable fry 
upon fertilization with cryopreserved spennatozoa. Further, the resulting progenies were 
proved to be fertile. The PGCS retained the ability to differentiate into both spermatozoa 
and eggs; thus, this technique conserves not only nuclear genetic information but also 
maternally transmitted cytoplasmic material. Our method represents a promising tool in the 
cryobanking of fish genetic resources. Moreover, in combination with our previously 
reported technique for xenotransplantation between closely related species using freshly 
isolated PGCS [12], it could realize the restoration of ehdangered fish species. 
One potential limitation of our study was the fact that the donor PGCS Were labelled 
with Gfp gene. However, this method would not be appropriate for use with cryopreserved 
PGCS from wild donor fish. An alternative labelling method is therefore required. A 
non=transgenic method for visualizing PGCS using Gfp-I~~As was recently reported [20] 
and might be suitable for restoring endangered fish species. An additional problem was the 
relatively low rate of germline transmission of donor PGCS (Table 2). However, the 
transplantation method used in this study was extremely simple. Together with high 
fecundity of most fish species, we can overcome this problem by transplanting PGCS in to 
large number of recipients. In mice, exclusively donor genn cell-derived progeny have 
been produced using sterile recipients [2l]. Improved results might therefore be achieved 
using sterilized fish, such as triploid individuals, as recipients in our newly developed 
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system. 
The restoration of live individuals from cryopreserved embryos has been reported in 
conunon carp (Cyprinus carpio) [22] and flounder (Paralichthys olivaceus) [23] using 
modifications of freezing methods developed for mammalian oocyies and embryos. 
However, the recovered fish survived for only a few days. Fish eggs and ernbryos are large 
and have high volumes of yolk materials compared with those of mammals. This makes it 
difficult to ensure that a sufficient volume of intracellular water is replaced with 
cryoprotective agents [ I O]. In addition, salmonid eggs and embryos are particularly large 
(diameter: 4-7 mm) compared with those of other fish species (diameter: 0.8-1 mm). The 
freezing methods used for mammalian oocytes and embryos are therefore unlikely to be 
suitable for use in fish, particularly salmonids. 
Here we cryopreserved PGCS Within GRs, which have two or three cell layers and are 
-100 um thick (data not shown). These tissues are similar in size to mammalian embryos 
[24]. Their smaller size might allow the cryoprotectant to penueate the tissue more 
effectively, redueing the formation of intracellular ice, which is generally lethal to cells. 
The superior cryoprotective activity of EG might be due to its low molecular weight 
compared with the other cryoprotectants examined (Fig. IA). Similar results have been 
reported in human embryos [251-
PGC cryopreservation has important applications in fish farming. The growih of 
intensive farming has increased the need for effective means of preserving germlines for 
broodstock management and genetic-improvement programmes. The absence of freezing 
methods for eggs and embryos has meant that fish strains have been preserved by raising 
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parental fish. However, this approach is costly, and is susceptible to natural disasters, 
pathogen invasions, and genetic dilution of the desired traits due to repeated crossing. Our 
method overcomes these problems, is simple, and does not require eomplex devices, such 
as programmable freezers. It could therefore be applied in salmon hatcheries equipped with 
deep-freezers and liquid-nitrogen tanks. 
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FIGURE LEGENDS 
FIG. 1. Optimization of freezing conditions for trout PGCs. 
A) Survival rates of trout PGCS cryopreserved with medium containing I .5 M of DMSO, 
Gly, PG or EG (n = 3). Data represent the mean ~ SEM. EG gave significantly higher 
survival of PGCS than the other protectants. Control represents the survival of 
trypsin-dissociated PGCS without freezing. B) Comparison of various concentrations of 
EG (n=16). Data represent the mean ~ SEM. C-G) Tirne-lapse images of thawed PGCs. 
Fluorescence view of the genital ridge-cell suspension immediately after dissociation (C). 
The PGCS exhibited intense green fluorescenee (arrow). Bright view of the PGCS Shown in 
C under greater magnification (x400) (D-G). The PGCS actively moved with extended 
pseudopodia (arrowheads). Bars = 50 um (C) and 20 um (G). 
FIG 2. Colonization and proliferation of cryopreserved PGCS in the recipient gonads. 
Donor PGCS prepared from I -day-cryopreserved GRS (A and B) and 
10-month-cryopreserved GRS (C and D) were transplanted into the peritoneal cavity of 
non-transgenic hatchlings. A and C) Ventral view of the peritoneal cavity of recipients at 
30 dpTP as indicated by the red rectangle in the inset. Donor-derived PGCS were 
incorporated in the recipient gonads indicated by arrows. The incorporation of donor PGCS 
was confirmed in the isolated gonads (B and D, shown in A and C, respectively). The 
number of PGCS increased from 1 5-20 (originally injected) to 35 in B and 56 in D. Bars = 
200 um. 
38 
FIG. 3. Germline transmission of the donor-derived phenotype to the F1 progeny. 
A) PCR analysis of the recipient milts with Gfp-specific primers. The lanes are labelled as 
follows: N, negative control (no template); P, positive control (Gfp-plasmid); 1-24, DNA 
extracted from the spermatozoa of male recipients that received 1-day-cryopreserved PGCS 
Seven milts were positive for Gfp gene (yellow arrowheads). B) Ventral view of the 
peritoneal cavity of the F1 progeny produced from eggs derived from cryopreserved PGCs. 
The donor-derived phenotype was confirmed by GFP expression in the PGCS (white 
arrowheads). C) F1 progenies produced from eggs derived from cryopreserved PGCS at 
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